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1  | INTRODUC TORY PAR AGR APH
Advances in DNA sequencing technologies and associated down‐
stream analyses over the last decade have transformed research on 
nonmodel species in evolutionary ecology (da Fonseca et al., 2016). 
These advancements are now being coupled with improved methods 
for extracting DNA from archaeological specimens to gain insights 
into complex historical patterns and processes (Hofreiter et al., 
2015). The term ancient DNA (aDNA) refers to DNA derived from 
plants and animals that have been dead for a prolonged period of 
time, typically for more than 100 years. The application of improved 
DNA extraction methods and the subsequent move to ancient ge‐
nome‐wide sequencing allows exciting, and so far little explored, 
questions to be investigated with increased power. These questions 
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Abstract
Fish are the most diverse group of vertebrates, fulfil important ecological functions 
and are of significant economic interest for aquaculture and wild fisheries. Advances 
in DNA extraction methods, sequencing technologies and bioinformatic applications 
have advanced genomic research for nonmodel organisms, allowing the field of fish 
ancient DNA (aDNA) to move into the genomics era. This move is enabling research‐
ers to investigate a multitude of new questions in evolutionary ecology that could 
not, until now, be addressed. In many cases, these new fields of research have rel‐
evance to evolutionary applications, such as the sustainable management of fisheries 
resources and the conservation of aquatic animals. Here, we focus on the application 
of fish aDNA to (a) highlight new research questions, (b) outline methodological ad‐
vances and current challenges, (c) discuss how our understanding of fish ecology and 
evolution can benefit from aDNA applications and (d) provide a future perspective 
on how the field will help answer key questions in conservation and management. 
We conclude that the power of fish aDNA will be unlocked through the application 
of continually improving genomic resources and methods to well‐chosen taxonomic 
groups represented by well‐dated archaeological samples that can provide tempo‐
rally and/or spatially extensive data sets.
K E Y W O R D S
ancient DNA, archaeology, fish, fisheries, genomics, high‐throughput sequencing, next‐
generation sequencing
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are manifold and include research topics such as the past distri‐
bution of species and their migration patterns (Palkopoulou et al., 
2015). If aDNA data can be generated with sufficient resolution and 
collected across large time scales, then these studies can also reveal 
past diversification (Nielsen et al., 2017) and introgression events 
(Huerta‐Sanchez et al., 2014; Vernot & Akey, 2014). Such time se‐
ries can further be used to investigate changes in genetic variation 
among populations (Díez‐del‐Molino, Sánchez‐Barreiro, Barnes, 
Gilbert, & Dalén, 2018; Hofman, Rick, Fleischer, & Maldonado, 
2015), and responses to anthropogenic factors and climate change 
(de Bruyn, Hoelzel, Carvalho, & Hofreiter, 2011; Dalen et al., 2007; 
Lagerholm et al., 2017). So far, the majority of aDNA research has 
focused on species in terrestrial ecosystems, such as studies of an‐
cient humans, domestic animals or extinct megafauna (Hofreiter et 
al., 2015). Significantly fewer studies have focused on fish aDNA, 
despite the abundance of preserved material. This rich archaeolog‐
ical reservoir holds a fantastic potential for addressing a range of 
outstanding evolutionary, environmental and taxonomic questions 
about aquatic species. Here, we synthesize recent developments in 
the field of aDNA that could be used to explore the evolutionary 
history of teleost fish species and yield insights into the eco‐evolu‐
tionary dynamics of populations over time. We focus on this group 
because it is the most diverse vertebrate assemblage, occupies the 
majority of existing habitats on earth, has abundant representatives 
on most food webs, has been an important resource for humans for 
millennia and is currently of significant economic interest for aqua‐
culture and wild fisheries. We also believe that the current advances 
in sequencing technologies will enable the field of fish aDNA to pro‐
liferate in the near future, making the focus timely. Lastly, by unlock‐
ing the real potential of fish aDNA by moving into the genomic era 
and capitalizing on the latest DNA extraction, library prep and se‐
quencing technologies, we can begin to gain insights and develop an 
understanding of evolutionary questions that have relevance to the 
field of fisheries management, wildlife conservation and practices 
used for governing biodiversity in general.
2  | A SHORT OVERVIE W OF FISH ADNA 
STUDIES
2.1 | Mitochondrial DNA—the basis for fish aDNA 
research
A number of studies have targeted mitogenomic (mtDNA) loci using 
the polymerase chain reaction (PCR) combined with Sanger se‐
quencing to identify species and within‐species diversity, to perform 
demographic reconstructions and to retrace the geographic origin 
of traded specimens (Figure 1). Species identification of archaeo‐
logical bones is a crucial first step for reconstructing past geographic 
ranges. Nonetheless, morphological identification can be difficult 
for species with similar phenotypic characteristics or when dealing 
with degraded samples that have lost their diagnostic characters. 
In the past, aDNA data have been used to identify specific species 
of salmon (Oncorhynchus spp.) (Yang, Cannon, & Saunders, 2004), 
sturgeon (Acipenser spp.) (Ludwig, Arndt, Debus, Rosello, & Morales, 
2009) and other fish species (Kemp & Huynen, 2014; Longenecker et 
al., 2014; Silva, Malabarba, & Malabarba, 2017; Zivaljevic, Popovic, 
Snoj, & Maric, 2017). Moreover, the identification of a locally ex‐
tinct species of sturgeon (A. sturio) in the Rhône River provided 
essential baseline data for the reintroduction of this species in the 
area (Nikulina & Schmolcke, 2016; Pagès et al., 2008). Similarly, the 
temporal analyses of mtDNA haplotypes have been used to map 
the distributional changes of species in response to past climatic 
change (e.g., salinification, global warming or access to new migra‐
tion routes) (Ciesielski & Makowiecki, 2005; Splendiani et al., 2016; 
Wooller, Gaglioti, Fulton, Lopez, & Shapiro, 2015), in one example 
going as far back as 14,000 years (Splendiani et al., 2016). Such 
temporal perspectives help provide an understanding of species re‐
sponses to past climate change, which could be a helpful predictor 
of adaptations to future climate change. Furthermore, the incorpora‐
tion of data from aDNA analyses into data sets from contemporary 
populations enables the demographic features of historic popula‐
tions to be reconstructed more precisely. In some cases, temporal 
sampling can be used to replace key assumptions that underlie a 
model with empirical information. Reconstruction of genetic di‐
versity of >3,000‐year‐old Chinook salmon (O. tshawytscha) in the 
Columbia River basin identified the loss of genetic variation prior to 
human arrival (Johnson, Kemp, & Thorgaard, 2018). Using a similar 
approach, 1,500‐year‐old Atlantic cod (Gadus morhua) samples from 
Iceland were used to reconstruct population abundance trends, 
identifying higher levels of genetic diversity in the historic popula‐
tion (Olafsdottir, Westfall, Edvardsson, & Palsson, 2014). Metcalf et 
al. (2012) used up to 155‐year‐old cutthroat trout (O. clarkia) samples 
collected prior to historical stocking in North America, compared 
them with contemporary samples and showed a history of lineage 
extinction, taxonomic errors and range changes as a result of human 
movement and stocking activities. Finally, ancient mtDNA has pro‐
vided novel findings about the cultural use of fish and traced early 
trading routes, highlighting the value of aDNA in anthropological 
and archaeological research (Arndt et al., 2003; Grier et al., 2013; 
Speller, Yang, & Hayden, 2005). These studies have demonstrated 
how temporally spaced sampling using aDNA methods is able to 
provide a range of new insights, which cannot be obtained using 
contemporary samples alone. However, due to technological and 
economic constraints associated with retrieving aDNA data, these 
studies have been limited to using mitochondrial markers and some‐
times investigating a relatively small number of individuals.
2.2 | Moving towards genome‐wide inference
Over the last few years, fish aDNA studies have started to report 
results from genome‐wide sequence data. A notably early study 
reported loss of genetic variation in Atlantic Salmon (Salmo salar) 
using microsatellite data obtained from 60‐year‐old scales (Nielsen, 
Hansen, & Loeschcke, 1997). More recently, aDNA data based on 
a diverse set of genetic markers (i.e., mtDNA, microsatellites and 
nuclear single nucleotide polymorphisms, SNPs) provided evidence 
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of distinct past Pacific herring (Clupea pallasi) populations, implying 
that the contemporary populations represent only a fraction of a 
previous metapopulation that was more abundant and genetically 
diverse (Speller et al., 2012). Similarly, Hutchinson, Oosterhout, 
Rogers, and Carvalho (2003) used Atlantic cod (G. morhua) otoliths 
from the North Sea and showed a significant reduction in genetic 
diversity, strong genetic drift and population replacement between 
1954 and 1998 in one fisheries stock. By genetically determining the 
sex of ancient fish remains, the effects of past sex‐selective fishing 
strategies can also be investigated (Royle et al., 2018). By targeting a 
set of 28 informative nuclear SNPs, the geographic origin of Atlantic 
cod (G. morhua) samples recovered from the Mary Rose, a late medi‐
aeval (AD 1545) navy shipwreck in the United Kingdom (Hutchinson 
et al., 2015) was determined. Combined with stable isotope analy‐
ses, the aDNA data showed that the cod had come from different 
areas, possibly ranging from Newfoundland to Atlantic Europe and 
Arctic Norway. This finding corroborated historical evidence that 
the globalization of commercial fishing started as early as the 16th 
Century. By using whole genome sequencing approach, Atlantic cod 
bones excavated from Haithabu in Germany were shown to originate 
from the far north of Norway (Star et al., 2017). This study analysed 
a SNP data set of 156,695 loci, allowing for the population assign‐
ment of fish by identifying specific combinations of chromosomal 
inversion genotypes among cod populations. Using historic samples, 
Therkildsen, Hemmer‐Hansen, Als, et al. (2013a) screened >1,000 
gene‐associated genomic SNPs in Atlantic Cod (G. morhua) and iden‐
tified 77 SNPs that showed high levels of differentiation over a tem‐
poral scale. Interestingly, changes in allele frequency at different loci 
were correlated with either temperature or probabilistic maturation 
reaction norm (PMRN), a commonly used measurement for identi‐
fying changes in maturation rate (Heino, Diaz Pauli, & Dieckmann, 
2015; Heino & Dieckmann, 2008). The authors were then able to 
relate changes in life‐history traits to specific loci, possibly associ‐
ated with adaptive changes in response to overexploitation (Heino, 
Dieckmann, & Godo, 2002). Finally, studies have used a bulk bone 
metabarcoding (BBM, further discussed below) approach for the 
large‐scale identification of fish species from morphologically in‐
distinguishable bone fragments. This has helped to provide a more 
F I G U R E  1   How advances in sequencing technologies will drive applications of fish aDNA. BBM, bulk bone metabarcoding; WGS, whole 
genome sequencing
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complete view of the zoo‐archaeological records from past coastal 
communities (Douglass et al., 2018; Grealy et al., 2016), thus allow‐
ing for more accurate reconstruction of species past geographical 
distribution (Seersholm et al., 2018).
The relatively young field of fish aDNA has recently been ad‐
vanced by a number of insights, namely (a) that DNA can be pre‐
served for long time periods and (b) high‐quality genomic data can 
be obtained from ancient fish remains, and now questions can be 
addressed about how populations of aquatic species have changed 
over time. Recent studies targeting multiple genomic loci through 
high‐throughput sequencing (HTS) are indicative of the direction the 
field of fish aDNA is heading, although several challenges remain for 
studies of fish aDNA. Below, we discuss how advances in molecular 
methods will progress the field of fish aDNA, describe key questions 
in fish ecology, evolution and resource management that are able 
to be addressed, emphasize the need for interdisciplinary collabo‐
rations and present a future perspective including challenges and 
priorities. By doing this, we aim to show the potential of this emerg‐
ing field.
3  | FISH ANCIENT DNA IS MOVING INTO 
THE GENOMIC ER A
One of the main limitations for advancing fish aDNA research is sam‐
ple preservation. Fish bones are brittle, porous and very light, which 
is generally associated with poor DNA preservation because biomol‐
ecules are not as well isolated from its environment compared with 
other types of bone. DNA degradation is influenced by a wide range 
of variables, making it extremely difficult to predict which archaeo‐
logical sites contain high‐quality samples for genomic analyses. The 
aquatic environment in particular exposes biological material to a 
range of chemicals that cause acidification and oxidation of com‐
pounds. Generally, cold and dry environments preserve DNA bet‐
ter compared with hot and humid environments (Boessenkool et al., 
2017; Damgaard et al., 2015; Hansen et al., 2017; Pinhasi et al., 2015; 
Willerslev, Hansen, & Poinar, 2004). Also, dense soil (e.g., clay) has 
been shown to preserve biological material well (Hlinka, Ulm, Loy, 
& Hall, 2002), though this may not be present in coastal archaeo‐
logical sites characterized by harsh, acidic, preservation conditions. 
Conversely, exposure to high heat (e.g., cooking or boiling) alters the 
physical condition of biological material, damaging the DNA, poten‐
tially rendering the sample unsuitable for aDNA analyses. Several 
recent methodological advances have revolutionized our ability to 
utilize fish aDNA and investigate the genetic population structure 
and demographic history of natural populations.
First, the development of improved aDNA extraction methods 
has greatly increased the number of samples suitable for genome‐
wide sequencing (Boessenkool et al., 2017; Dabney et al., 2013; 
Damgaard et al., 2015; Gondek, Boessenkool, & Star, 2018; Hansen 
et al., 2017). Such enhanced methods allowed for the extraction of 
high‐quality aDNA from archaeological fish bone from a wide range 
of species, preservation conditions and ages. For instance, DNA 
(including nuclear DNA) has been consistently amplified from ar‐
chaeological fish bone up to 10,000 years old (Speller et al. (2012), 
sometimes in stretches for up to 250 bp (Seersholm et al., 2018), and 
even includes amplification from bones retrieved from warm tropical 
locations (Douglass et al., 2018; Grealy et al., 2016). This consistent 
success of DNA retrieval shows that archaeological and palaeonto‐
logical fish bone is a previously unrecognised source of potentially 
high‐quality aDNA. Other proven DNA sources from fish consist of 
scales or otoliths that have been stored in collections to inform fish‐
eries management (e.g., Hauser, Adcock, Smith, Ramirez, & Carvalho, 
2002; Nielsen et al., 1997; Therkildsen, Hemmer‐Hansen, Als, et al., 
2013b), although here the temporal perspective is often limited to 
the last century.
Second, while most ancient bones have <5% endogenous DNA 
(e.g., Noonan et al., 2005) (with a few exceptions, e.g., Meyer et al., 
2012), fish bones have been found to carry a high amount of endoge‐
nous DNA (Star et al., 2017), something that needs to be considered 
when conducting whole genome sequencing. Boessenkool et al. 
(2017) and Star et al. (2017) showed ancient Atlantic cod (G. morhua) 
bones over 1,000 years old can contain between 15% and 50% en‐
dogenous DNA content. This observation is remarkable, given that 
high levels of endogenous DNA are usually associated with higher 
density bones (Geigl & Grange, 2018), such as the petrous bone in 
mammals (Gamba et al., 2014). Combined, high levels of endogenous 
DNA, advances in HTS (further discussed below), and the relative 
small size of fish genomes (often <1 Gbp), implies that generating 
genomic aDNA for fish is becoming accessible to a wide scientific 
community. Endogenous DNA content can be increased using cap‐
ture enrichment, where custom DNA baits (generally designed from 
a reference genome from the study species or a close relative) hy‐
bridize with complimentary sequences and subsequently separated 
from foreign DNA (Carpenter et al., 2013; Hofreiter & Shapiro, 
2012). However, such applications can be time and cost expensive.
Finally, advances in HTS has made the genome‐wide acquisition 
of thousands to millions of genetic markers—including rare variants—
increasingly affordable for nonmodel organisms (Figure 1) (Mardis, 
2008). Such genome‐wide DNA sequencing provides an unparal‐
leled opportunity to detect fine‐scale differentiation in otherwise 
homogenous populations and species (Barth et al., 2017; Martin et 
al., 2018; Milano et al., 2014). Another novel approach is bulk bone 
metabarcoding (BBM) which simultaneously analyses hundreds of 
nondiagnostic specimens for species identification (Grealy et al., 
2015; Haouchar et al., 2014; Murray et al., 2013). BBM is thus a use‐
ful technique to quickly assess the level of DNA preservation in ar‐
chaeological sites across a range of species. BBM is especially useful 
in fish as fragmentary cranial and postcranial bones can be difficult 
to identify in teleost species. Indeed, while morphological identifica‐
tions of complete bones may be possible to family level, genus and 
species level assignments may not be possible due to the absence 
of distinct morphological characters. Incorporating aDNA and BBM 
methods would exponentially increase the research questions that 
archaeological fish bone can answer. For instance, a combination of 
both methods would allow to reconstruct prehistoric fishing zones 
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in tropical reef contexts with high regional biodiversity (Giovas, 
Lambrides, Fitzpatrick, & Kataoka, 2017), or temporal changes 
in the range of marine habitats that are exploited through fishing. 
Seersholm et al. (2018) used BBM and found genetic evidence for the 
presence of both freshwater (Anguilla australis) and marine (Conger sp. 
and Gnathophis sp.) eels at archaeological sites from New Zealand's 
indigenous	Māori.	 Although	 eels	 were	 known	 to	 be	 an	 important	
traditional	food	source	for	Māori,	this	is	the	first	time	such	remains	
have been identified due to their poor preservation in the archae‐
ological record. This study shows how BBM can be a valuable tool 
that complements more traditional archaeological and palaeontolog‐
ical approaches as it is able to identify species without the need for 
traditional morphological characteristics. Methodological advances 
in aDNA, including the use of “rescue PCR” (Johnson et al., 2018) 
and PCR enhancers (e.g., PEC‐P; Zhang, Kermekchiev, & Barnes, 
2010) for suboptimal samples, should be combined with BBM to in‐
crease the power of this technique. Using these techniques, Palmer, 
Tushingham, and Kemp (2018) were able to better understand sub‐
sistence fishing practices, especially those of small forage fish, of in‐
digenous prehistoric communities in northern California.
4  | GENOMIC ADNA ANALYSES TO 
INFORM FISHERIES MANAGEMENT AND 
CONSERVATION
The novel applications of fish aDNA now allow us to better under‐
stand how fish stocks have changed over time, both in terms of natu‐
ral variation in abundance and range, and from the anthropogenic 
impacts of fishing. The rise of industrial‐scale fishing during the 
1950s and the lack of any significant genetic sampling of stocks prior 
to the 1970s mean it has been difficult to get an accurate picture of 
how harvesting has affected the genetic diversity and distribution of 
fisheries species. A key goal of research for fisheries management is 
to detect and ultimately reduce the negative effects of overexploita‐
tion (Ovenden, Berry, Welch, Buckworth, & Dichmont, 2015; Ward, 
2000), so that species can be fished sustainably over long time pe‐
riods. The advantage of aDNA is that it represents a sample of the 
fish stock before the onset of commercial fishing, which can be com‐
pared with samples taken from a contemporary fish stock. Temporal 
population sampling could enable testing for the loss of genetic di‐
versity due to stock depletion and the genetic effects of size‐selec‐
tive harvesting (Allendorf, England, Luikart, Ritchie, & Ryman, 2008), 
and whether the stock structure and distribution has changed over 
time (Perry, Low, Ellis, & Reynolds, 2005). Understanding changes 
to genetic diversity from sampling past populations and compar‐
ing them to contemporary populations can thus provide invaluable 
information about how genetic baselines may be shifting. Fisheries 
managers could then adjust fishing pressures in certain areas to pre‐
vent further loss of genetic diversity. Furthermore, an understand‐
ing of population responses to earlier climate change events could 
provide important insights about the possible changes that will hap‐
pen to stocks in the future.
Evidence for the loss of genetic diversity from the depletion of a 
fish stock has been reported for Australasian snapper (Chrysophrys 
auratus) (Hauser et al., 2002), Atlantic salmon (S. salar) (Nielsen et 
al., 1997) and North Sea cod (G. morhua) (Hutchinson et al., 2003), 
using aDNA extracted from dried scales and otoliths. The tempo‐
ral nature of aDNA samples can be used to test for a loss of ge‐
netic variation as a consequence of stock depletion over time. One 
prediction from prolonged fishing pressure is that the strength of 
genetic drift is predicted to increase and eliminate alleles in a pop‐
ulation if there has been a significant population size reduction due 
to overexploitation (Ovenden et al., 2016). This is supported by the 
finding that the allelic richness appears to be lower in exploited spe‐
cies compared with species that are not heavily affected by fishing 
(Pinsky & Palumbi, 2014). A prefishing sample point provided by 
aDNA would be a direct test of whether an exploited population had 
lost allelic diversity. The recent increase of genome‐wide sequencing 
data (Star et al. (2017) from ancient samples presents a new oppor‐
tunity for conducting genome scans for adaptive loci (Bernatchez & 
Wellenreuther, 2018). Ancient and contemporary sampling could be 
used to discover loci that have been subjected to selection as a re‐
sult of the intense size‐selective force that industrial‐level fishing as 
applied to stocks over the last 50 years. This type of selection is ex‐
pected to produce smaller fish that reach maturation earlier (Heino 
et al., 2015). As more genomic information becomes available from 
studies of quantitative trait loci (QTL) and genome wide association 
studies (GWAS) (Ashton, Ritchie, & Wellenreuther, 2017), the im‐
portant loci underlying fish growth rates and maturation could also 
be more directly investigated.
It has been well documented that past climate change had an im‐
pact on the structure and distribution of marine populations (Perry 
et al., 2005). In particular, the preferred sea temperature for a spe‐
cies is a strong factor that determines range and dispersal success 
(Poloczanska et al., 2013). The range and distribution of many fish 
species will shift in response to future ocean warming, and fisheries 
management will need to adapt to meet the challenge of protect‐
ing new emerging stocks and adjust to lower sustainable yields from 
traditionally productive stocks. However, the genetic patterns and 
evolutionary process involved in past climate‐driven range shifts in 
the marine realm are largely unknown, which means there is a gap 
in information that could be used to support the development of 
a framework for adapting future fisheries management to climate 
change. New methodologies (e.g., BBM) utilizing large sample sizes 
will enable a species’ past range to be estimated and compared 
with the contemporary range. Moreover, as climate‐driven range 
shifts are detected in modern populations it might be possible to 
make comparisons with past populations (Ramos et al., 2018), as 
long as there have been no cryptic biological turnover events in the 
archaeological and palaeontological records (Collins et al., 2014). 
However, for these types of inferences it could be difficult to dis‐
tinguish among the different selective scenarios, for example, natu‐
ral versus anthropogenic processes, particularly given that many of 
these processes often work in concert. Genome‐wide sequencing 
of aDNA samples could be used to test for adaptive loci associated 
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with range expansions and how often fish with k‐selected life‐his‐
tory traits moved compare to those species with late maturation and 
larger body size (McLean et al., 2018). Overall, our understanding of 
the impacts of fishing and climate has much to gain from temporal 
sampling of exploited species using aDNA approaches.
5  | INTERDISCIPLINARY RESE ARCH AT 
THE INTERFACE OF ARCHAEOLOGY AND 
BIOLOGY
One outcome of the advances in genomic approaches and aDNA 
research is the convergence of biology, archaeology and conserva‐
tion management. The integration of these fields can concurrently 
help answer questions of interest to both fields. As presented 
above, biology has assisted archaeological research by being able 
to identify samples to species, or even population level from non‐
diagnostic remains, providing novel insight regarding location and/
or seasons of resource extraction (Bulter, 1998; Ewonus, Cannon, 
& Yang, 2011; Grier et al., 2013; Star et al., 2017). Likewise, the 
intersection of aDNA and archaeology, in the rapidly growing 
field of conservation archaeo‐genomics (Hofman et al., 2015), has 
provided conservation authorities with vital baseline data for the 
management of fisheries stocks (Moss, Rodrigues, Speller, & Yang, 
2016; Rodrigues, McKechnie, & Yang, 2018). While species iden‐
tification is still an important application of molecular biology in 
archaeology, methods such as ZooMS for protein barcoding are 
often applied (Harvey, Daugnora, & Buckley, 2018; Hendy et al., 
2018). ZooMS entails the comparison of peptide mass fingerprints 
derived by mass spectrometry, allowing identifications to genus or 
species level that, like identifications using aDNA, can inform our 
understanding of past fishing and its ecological impacts. Genomic 
research on fish bones can be powerfully combined with traditional 
zoo‐archaeology and stable isotope analyses to infer the relation‐
ship between past human populations and changes in biogeogra‐
phy, the intensity of human exploitation, and the development of 
commodification and long‐range trade (Barrett, 2019). Moreover, 
the application of environmental aDNA is opening the potential to 
see taxa that are otherwise invisible, in lake sediments and archae‐
ological deposits (Hebsgaard et al., 2009; Pedersen et al., 2015; 
Rawlence et al., 2014).
Key insights from archaeological work also greatly enhance 
the potential of biological research from aDNA. In archaeology, 
context is everything. Knowing the chronology and depositional 
context of a subfossil is fundamental to its interpretation. Accurate 
dating of biological samples can help estimate mutation rates and in 
turn allow for accurate demographic history assessments (Lambert 
et al., 2002). Moreover, an awareness of which specimens might 
represent human translocations, such as the spread of carp aqua‐
culture (Hoffmann, 1994), or the long‐range trade of foods like 
dried cod (G. morhua) or salted herring (C. pallasi) (Barrett, 2016). 
Such findings are as critical to evolutionary inferences regarding 
biogeography as it is to archaeological and historical interpretation. 
Changes in the aquatic environment, such as temperature, with po‐
tential evolutionary implications, can also be demonstrated by re‐
search within archaeology. This palaeo‐ecological information can 
be derived from study of fish remains themselves (Geffen et al., 
2011) and from associated materials such as marine shells (Surge 
& Barrett, 2012).
6  | A FUTURE PERSPEC TIVE:  CHALLENGES 
AND PRIORITIES
We have proposed that the recent insights in aDNA methodology 
and sequencing technologies will enable the field of fish aDNA to 
move into the genomic era and will experience significant growth.
A key challenge will be to integrate genomic and archaeological 
efforts in the future within a collaborative framework. Overall, the 
integration of genomic and archaeological approaches has the poten‐
tial to illuminate a range of questions that cannot be fully addressed 
by either subject in isolation. When did fisheries‐induced evolution 
first emerge within a given taxon? When and where were widely dis‐
tributed species first harvested or traded over long distances? When 
and where were fish first translocated for the purposes of stock‐
ing? To what degree were past changes in fish biogeography caused 
by human impact versus natural environmental change? This list of 
questions will grow as interdisciplinary research proceeds. The vast 
archaeological record holds much more than what can be discovered 
from aDNA alone, and close relations between archaeology and bi‐
ology will surely benefit both sciences.
Collaboration with archaeologists will also allow more informed 
sampling choices to be made, given specimens from most archaeo‐
logical sites are affected by anthropogenic (e.g., trade vs. processing 
sites) and taphonomic biases. Such human‐induced bias (e.g., species 
overrepresentation, selection of certain phenotypes such as size or 
behavioural traits) should be taken into account when interpreting 
results. It should be noted that sample size limitations can become a 
significant issue, as high‐quality samples required for whole genome 
sequencing may be sparsely distributed for some taxa. Especially, 
studies which advocate conservation management decisions will 
require significant spatial or temporal sampling in order to enforce 
legislation. Applications such as BBM and hybridization capture en‐
richment do provide some flexibility in the sample quality.
We further wish to highlight that future efforts should focus on 
expanding the genomic resources that are available for fish, as the 
vast majority of them have limited or no genomic resources. This is 
going to be crucial, as teleost fish are represented by over 33,000 ex‐
tant species, making them the most diverse vertebrate group on the 
planet (Eschmeyer, Fricke, & Laan, 2014) and, at the time of our re‐
view, genome assemblies are only available for 59 fish species (NCBI). 
Having a well‐assembled reference genome for a study species, or at 
least of a phylogenetic closely related species, is an important first 
step that greatly improves the power of aDNA studies and reduces 
the cost for analysing thousands of loci (Star et al., 2017). Moreover, 
the limited number of teleost genomes hampers the development of 
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species‐specific barcodes that are of sufficient short length so that 
they can be used in high‐throughput environmental and palaeo‐en‐
vironmental DNA approaches (Hanfling et al., 2016; Rawlence et al., 
2014; Seersholm et al., 2018). With those considerations, we believe 
that this is an exciting time for the field of fish aDNA and are convinced 
that it will contribute to crucial insights to support evidence‐based de‐
cisions in fisheries management, conservation and invasion biology.
ACKNOWLEDG EMENTS
This work was supported by New Zealand Marsden Fund pro‐
ject 16‐VUW‐040, Research Council of Norway project 262777 
and The Leverhulme Trust Project MRF‐2013‐065. We thank 
two anonymous reviewers who comments greatly improved this 
manuscript.
CONFLIC T OF INTERE S T
None declared.
DATA ACCE SSIBILIT Y
No original data has been generated for this manuscript.
ORCID
Maren Wellenreuther  https://orcid.org/0000‐0002‐2764‐8291 
R E FE R E N C E S
Allendorf, F. W., England, P. R., Luikart, G., Ritchie, P. A., & Ryman, N. 
(2008). Genetic effects of harvest on wild animal populations. Trends 
in Ecology & Evolution, 23(6), 327–337. https ://doi.org/10.1016/j.
tree.2008.02.008
Arndt, A., Van Neer, W., Hellemans, B., Robben, J., Volckaert, F., & 
Waelkens, M. (2003). Roman trade relationships at Sagalassos 
(Turkey) elucidated by ancient DNA of fish remains. Journal of 
Archaeological Science, 30(9), 1095–1105. https ://doi.org/10.1016/
S0305‐4403(02)00204‐2
Ashton, D. T., Ritchie, P. A., & Wellenreuther, M. (2017). Fifteen years 
of quantitative trait loci studies in fish: Challenges and future direc‐
tions. Molecular Ecology, 26(6), 1465–1476. https ://doi.org/10.1111/
mec.13965 
Barrett, J.( 2016). Medieval sea fishing AD 500–1550: Chronology, 
causes and consequences. Cod and Herring: The Archaeology and 
History of Medieval Sea Fishing, 2016, 250 – 271.
Barrett, J. H.( 2019). An environmental (pre)history of European fishing: 
Past and future archaeological contributions to sustainable fisheries. 
Journal of Fish Biology, 2019, 1–12. https ://doi.org/10.1111/jfb.13929 
Barth, J. M. I., Berg, P. R., Jonsson, P. R., Bonanomi, S., Corell, H., 
Hemmer‐Hansen, J., … André, C. (2017). Genome architecture en‐
ables local adaptation of Atlantic cod despite high connectivity. 
Molecular Ecology, 26(17), 4452–4466. https ://doi.org/10.1111/
mec.14207 
Bernatchez, L., & Wellenreuther, M. (2018). Synergistic Integration of 
Genomics and Ecoevolutionary Dynamics for Sustainable Fisheries: 
A Reply to Kuparinen and Uusi‐Heikkila. Trends in Ecology & Evolution, 
33(5), 308–310. https ://doi.org/10.1016/j.tree.2017.12.005
Boessenkool, S., Hanghøj, K., Nistelberger, H. M., Der Sarkissian, C., 
Gondek, A. T., Orlando, L., … Star, B. (2017). Combining bleach 
and mild pre‐digestion improves ancient DNA recovery from 
bones. Molecular Ecology Resources, 17(4), 742–751. https ://doi.
org/10.1111/1755‐0998.12623 
Bulter, B. (1998). Ancient DNA from salmon bone: A preliminary study. 
Ancient Biomolecules, 2, 17–26.
Carpenter, M. L., Buenrostro, J. D., Valdiosera, C., Schroeder, H., 
Allentoft, M. E., Sikora, M., … Bustamante, C. D. (2013). Pulling out 
the 1%: Whole‐genome capture for the targeted enrichment of an‐
cient DNA sequencing libraries. American Journal of Human Genetics, 
93(5), 852–864. https ://doi.org/10.1016/j.ajhg.2013.10.002
Ciesielski, S., & Makowiecki, D. (2005). Ancient and modern mito‐
chondrial haplotypes of common bream (Abramis brama L.) in 
Poland. Ecology of Freshwater Fish, 14(3), 278–282. https ://doi.
org/10.1111/j.1600‐0633.2005.00097.x
Collins, C. J., Rawlence, N. J., Prost, S., Anderson, C. N. K., Knapp, M., 
Scofield, R. P., … Waters, J. M. (2014). Extinction and recoloniza‐
tion of coastal megafauna following human arrival in New Zealand. 
Proceedings of the Royal Society B: Biological Sciences, 281(1786), 
20140097. https ://doi.org/10.1098/rspb.2014.0097
da Fonseca, R. R., Albrechtsen, A., Themudo, G. E., Ramos‐Madrigal, J., 
Sibbesen, J. A., Maretty, L., … Pereira, R. J. (2016). Next‐generation 
biology: Sequencing and data analysis approaches for non‐model 
organisms. Marine Genomics, 30, 3–13. https ://doi.org/10.1016/j.
margen.2016.04.012
Dabney, J., Knapp, M., Glocke, I., Gansauge, M.‐T., Weihmann, A., Nickel, 
B., … Meyer, M. (2013). Complete mitochondrial genome sequence of 
a Middle Pleistocene cave bear reconstructed from ultrashort DNA 
fragments. Proceedings of the National Academy of Sciences, 110(39), 
15758–15763. https ://doi.org/10.1073/pnas.13144 45110 
Dalen, L., Nystrom, V., Valdiosera, C., Germonpre, M., Sablin, M., Turner, 
E., … Gotherstrom, A. (2007). Ancient DNA reveals lack of postglacial 
habitat tracking in the arctic fox. Proceedings of the National Academy 
of Sciences of the United States of America, 104(16), 6726–6729. https 
://doi.org/10.1073/pnas.07013 41104 
Damgaard, P. B., Margaryan, A., Schroeder, H., Orlando, L., Willerslev, 
E., & Allentoft, M. E. (2015). Improving access to endogenous DNA 
in ancient bones and teeth. Scientific Reports, 5, 11184. https ://doi.
org/10.1038
de Bruyn, M., Hoelzel, A. R., Carvalho, G. R., & Hofreiter, M. (2011). Faunal 
histories from Holocene ancient DNA. Trends in Ecology & Evolution, 
26(8), 405–413. https ://doi.org/10.1016/j.tree.2011.03.021
Díez‐del‐Molino, D., Sánchez‐Barreiro, F., Barnes, I., Gilbert, M. T. P., & 
Dalén, L. (2018). Quantifying temporal genomic erosion in endan‐
gered species. Trends in Ecology & Evolution, 33(3), 176–185. https ://
doi.org/10.1016/j.tree.2017.12.002
Douglass, K., Antonites, A. R., Morales, E. E. M. Q., Grealy, A., Bunce, M., 
Bruwer, C., & Gough, C. (2018). Multi‐analytical approach to zooar‐
chaeological assemblages elucidates Late Holocene coastal lifeways 
in southwest Madagascar. Quaternary International, 471, 111–131. 
https ://doi.org/10.1016/j.quaint.2017.09.019
Eschmeyer, W., Fricke, R., & Van der Laan, R. (2014). Catalog of fishes: 
genera, species, references. Electronic version. In.
Ewonus, P. A., Cannon, A., & Yang, D. Y. (2011). Addressing seasonal 
site use through ancient DNA species identification of Pacific 
salmon at Dionisio Point, Galiano Island, British Columbia. Journal of 
Archaeological Science, 38(10), 2536–2546. https ://doi.org/10.1016/j.
jas.2011.04.005
Gamba, C., Jones, E. R., Teasdale, M. D., McLaughlin, R. L., Gonzalez‐
Fortes, G., Mattiangeli, V., … Pinhasi, R. (2014). Genome flux and 
stasis in a five millennium transect of European prehistory. Nature 
Communications, 5, 5257. https ://doi.org/10.1038/ncomm s6257 
Geffen, A. J., Høie, H., Folkvord, A., Hufthammer, A. K., Andersson, 
C., Ninnemann, U., … Nedreaas, K. (2011). High‐latitude climate 
1520  |     OOSTING eT al.
variability and its effect on fisheries resources as revealed by fossil 
cod otoliths. ICES Journal of Marine Science, 68(6), 1081–1089. https 
://doi.org/10.1093/icesj ms/fsr017
Geigl, E. M., & Grange, T. (2018). Ancient DNA: The quest for the 
best. Molecular Ecology Resources, 18(6), 1185–1187. https ://doi.
org/10.1111/1755‐0998.12931 
Giovas, C. M., Lambrides, A. B., Fitzpatrick, S. M., & Kataoka, O. (2017). 
Reconstructing prehistoric fishing zones in Palau, Micronesia 
using fish remains: A blind test of inter‐analyst correspondence. 
Archaeology in Oceania, 52(1), 45–61.
Gondek, A. T., Boessenkool, S., & Star, B. (2018). A stainless‐steel mor‐
tar, pestle and sleeve design for the efficient fragmentation of an‐
cient bone. BioTechniques, 64(6), 266–269. https ://doi.org/10.2144/
btn‐2018‐0008
Grealy, A., Douglass, K., Haile, J., Bruwer, C., Gough, C., & Bunce, M. 
(2016). Tropical ancient DNA from bulk archaeological fish bone 
reveals the subsistence practices of a historic coastal community in 
southwest Madagascar. Journal of Archaeological Science, 75, 82–88. 
https ://doi.org/10.1016/j.jas.2016.10.001
Grealy, A. C., McDowell, M. C., Scofield, P., Murray, D. C., Fusco, D. A., 
Haile, J., … Bunce, M. (2015). A critical evaluation of how ancient 
DNA bulk bone metabarcoding complements traditional morpholog‐
ical analysis of fossil assemblages. Quaternary Science Reviews, 128, 
37–47. https ://doi.org/10.1016/j.quasc irev.2015.09.014
Grier, C., Flanigan, K., Winters, M., Jordan, L. G., Lukowski, S., & Kemp, 
B. M. (2013). Using ancient DNA identification and osteometric mea‐
sures of archaeological Pacific salmon vertebrae for reconstruct‐
ing salmon fisheries and site seasonality at Dionisio Point, British 
Columbia. Journal of Archaeological Science, 40(1), 544–555. https ://
doi.org/10.1016/j.jas.2012.07.013
Hänfling, B., Lawson Handley, L., Read, D. S., Hahn, C., Li, J., Nichols, P., … 
Winfield, I. J. (2016). Environmental DNA metabarcoding of lake fish 
communities reflects long‐term data from established survey meth‐
ods. Molecular Ecology, 25(13), 3101–3119. https ://doi.org/10.1111/
mec.13660 
Hansen, H. B., Damgaard, P. B., Margaryan, A., Stenderup, J., 
Lynnerup, N., Willerslev, E., & Allentoft, M. E. (2017). Comparing 
ancient DNA preservation in petrous bone and tooth cemen‐
tum. PLoS ONE, 12(1), e0170940. https ://doi.org/10.1371/journ 
al.pone.0170940
Haouchar, D., Haile, J., McDowell, M. C., Murray, D. C., White, N. E., 
Allcock, R. J. N., … Bunce, M. (2014). Thorough assessment of 
DNA preservation from fossil bone and sediments excavated from 
a late Pleistocene‐Holocene cave deposit on Kangaroo Island, 
South Australia. Quaternary Science Reviews, 84, 56–64. https ://doi.
org/10.1016/j.quasc irev.2013.11.007
Harvey, V. L., Daugnora, L., & Buckley, M. (2018). Species identification of 
ancient Lithuanian fish remains using collagen fingerprinting. Journal 
of Archaeological Science, 98, 102–111. https ://doi.org/10.1016/j.
jas.2018.07.006
Hauser, L., Adcock, G. J., Smith, P. J., Ramirez, J. H., & Carvalho, G. R. 
(2002). Loss of microsatellite diversity and low effective population 
size in an overexploited population of New Zealand snapper (Pagrus 
auratus). Proceedings of the National Academy of Sciences, 99(18), 
11742–11747. https ://doi.org/10.1073/pnas.17224 2899
Hebsgaard, M. B., Gilbert, M. T. P., Arneborg, J., Heyn, P., Allentoft, M. E., 
Bunce, M., … Willerslev, E. (2009). ‘The Farm Beneath the Sand’–an 
archaeological case study on ancient ‘dirt’DNA. Antiquity, 83(320), 
430–444. https ://doi.org/10.1017/S0003 598X0 0098537
Heino, M., Diaz Pauli, B., & Dieckmann, U. (2015). Fisheries‐induced evo‐
lution. Annual Review of Ecology, Evolution, and Systematics, 46, 461‐+. 
https ://doi.org/10.1146/annur ev‐ecols ys‐120213‐054339
Heino, M., & Dieckmann, U. (2008). Detecting fisheries‐induced life‐his‐
tory evolution: An overview of the reaction‐norm approach. Bulletin 
of Marine Science, 83(1), 69–93.
Heino, M., Dieckmann, U., & Godo, O. R. (2002). Measuring probabilistic 
reaction norms for age and size at maturation. Evolution, 56(4), 669–
678. https ://doi.org/10.1111/j.0014‐3820.2002.tb013 78.x
Hendy, J., Welker, F., Demarchi, B., Speller, C., Warinner, C., & Collins, M. J. 
(2018). A guide to ancient protein studies. Nature Ecology & Evolution, 
2(5), 791–799. https ://doi.org/10.1038/s41559‐018‐0510‐x
Hlinka, V., Ulm, S., Loy, T., & Hall, J. (2002). The genetic speciation 
of archaeological fish bone: A feasibility study from Southeast 
Queensland. Queensland Archaeological Research, 13, 71–78. https ://
doi.org/10.25120/ qar.13.2002.69
Hoffmann, R. C. (1994). Remains and verbal evidence of carp (Cyprinus 
carpio) in medieval Europe. Annalen‐Koninklijk Museum Voor Midden‐
Afrika‐Zoologische, Wetenschappen.
Hofman, C. A., Rick, T. C., Fleischer, R. C., & Maldonado, J. E. (2015). 
Conservation archaeogenomics: Ancient DNA and biodiversity in the 
Anthropocene. Trends in Ecology & Evolution, 30(9), 540–549. https ://
doi.org/10.1016/j.tree.2015.06.008
Hofreiter, M., Paijmans, J. L. A., Goodchild, H., Speller, C. F., Barlow, A., 
Fortes, G. G., … Collins, M. J. (2015). The future of ancient DNA: 
Technical advances and conceptual shifts. BioEssays, 37(3), 284–293. 
https ://doi.org/10.1002/bies.20140 0160
Hofreiter, M., & Shapiro, B. (2012). Ancient DNA: Methods and Protocols. 
New York: Humana Press Incorporated.
Huerta‐Sánchez, E., Jin, X., Asan, , Bianba, Z., Peter, B. M., Vinckenbosch, 
N., … Nielsen, R. (2014). Altitude adaptation in Tibetans caused by 
introgression of Denisovan‐like DNA. Nature, 512(7513), 194–197. 
https ://doi.org/10.1038/natur e13408
Hutchinson, W. F., Culling, M., Orton, D. C., Hänfling, B., Lawson Handley, 
L., Hamilton‐Dyer, S., … Barrett, J. H. (2015). The globalization of 
naval provisioning: Ancient DNA and stable isotope analyses of 
stored cod from the wreck of the Mary Rose, AD 1545. Royal Society 
Open Science, 2(9), 150199. https ://doi.org/10.1098/rsos.150199
Hutchinson, W. F., van Oosterhout, C., Rogers, S. I., & Carvalho, G. R. 
(2003). Temporal analysis of archived samples indicates marked ge‐
netic changes in declining North Sea cod (Gadus morhua). Proc Biol 
Sci, 270(1529), 2125–2132. https ://doi.org/10.1098/rspb.2003.2493
Johnson, B. M., Kemp, B. M., & Thorgaard, G. H. (2018). Increased mi‐
tochondrial DNA diversity in ancient Columbia River basin Chinook 
salmon Oncorhynchus tshawytscha. PLoS ONE, 13(1), e0190059. 
https ://doi.org/10.1371/journ al.pone.0190059
Kemp, A., & Huynen, L. (2014). Occurrence of lungfish in the Brisbane 
River, Queensland, Australia dates back to 3850 yr BP. Journal of 
Archaeological Science, 52, 184–188. https ://doi.org/10.1016/j.
jas.2014.08.021
Lagerholm, V. K., Sandoval‐Castellanos, E., Vaniscotte, A., Potapova, O. 
R., Tomek, T., Bochenski, Z. M., … Stewart, J. R. (2017). Range shifts 
or extinction? Ancient DNA and distribution modelling reveal past 
and future responses to climate warming in cold‐adapted birds. Global 
Change Biology, 23(4), 1425–1435. https ://doi.org/10.1111/gcb.13522 
Lambert, D. M., Ritchie, P. A., Millar, C. D., Holland, B., Drummond, A. J., 
& Baroni, C. (2002). Rates of evolution in ancient DNA from Adelie 
penguins. Science, 295(5563), 2270–2273. https ://doi.org/10.1126/
scien ce.1068105
Longenecker, K., Chan, Y. L., Toonen, R. J., Carlon, D. B., Hunt, T. L., 
Friedlander, A. M., & Demartini, E. E. (2014). Archaeological evidence 
of validity of fish populations on unexploited reefs as proxy targets 
for modern populations. Conservation Biology, 28(5), 1322–1330. 
https ://doi.org/10.1111/cobi.12287 
Ludwig, A., Arndt, U., Debus, L., Rosello, E., & Morales, A. 
(2009). Ancient mitochondrial DNA analyses of Iberian stur‐
geons. Journal of Applied Ichthyology, 25(1), 5–9. https ://doi.
org/10.1111/j.1439‐0426.2009.01184.x
Mardis, E. R. (2008). The impact of next‐generation sequencing tech‐
nology on genetics. Trends in Genetics, 24(3), 133–141. https ://doi.
org/10.1016/j.tig.2007.12.007
     |  1521OOSTING eT al.
Martin, A. R., Karczewski, K. J., Kerminen, S., Kurki, M. I., Sarin, A.‐P., 
Artomov, M., … Daly, M. J. (2018). Haplotype sharing provides in‐
sights into fine‐scale population history and disease in Finland. 
American Journal of Human Genetics, 102(5), 760–775. https ://doi.
org/10.1016/j.ajhg.2018.03.003
McLean, M., Mouillot, D., Lindegren, M., Engelhard, G., Villéger, S., 
Marchal, P., … Auber, A. (2018). A climate‐driven functional inver‐
sion of connected marine ecosystems. Current Biology, 28(22), 3654–
3660. e3. https ://doi.org/10.1016/j.cub.2018.09.050
Metcalf, J. L., Love Stowell, S., Kennedy, C. M., Rogers, K. B., McDonald, 
D., Epp, J., … Martin, A. P. (2012). Historical stocking data and 19th 
century DNA reveal human‐induced changes to native diversity and 
distribution of cutthroat trout. Molecular Ecology, 21(21), 5194–5207. 
https ://doi.org/10.1111/mec.12028 
Meyer, M. Kircher, M., Gansauge, M. T., Li, H., Racimo, F., Mallick, S.,... 
Paabo, S. (2012). A high‐coverage genome sequence from an archaic 
Denisovan individual. science, 338(6104), 222–226. https ://doi.
org/10.1126/scien ce.1224344
Milano, I., Babbucci, M., Cariani, A., Atanassova, M., Bekkevold, D., 
Carvalho, G. R., … Geffen, A. J. (2014). Outlier SNP markers reveal 
fine‐scale genetic structuring across E uropean hake populations (M 
erluccius merluccius). Molecular Ecology, 23(1), 118–135. https ://doi.
org/10.1111/mec.12568 
Moss, M. L., Rodrigues, A. T., Speller, C. F., & Yang, D. Y. Y. (2016). The 
historical ecology of Pacific herring: Tracing Alaska Native use of a 
forage fish. Journal of Archaeological Science‐Reports, 8, 504–512. 
https ://doi.org/10.1016/j.jasrep.2015.10.005
Murray, D. C., Haile, J., Dortch, J., White, N. E., Haouchar, D., Bellgard, 
M. I., … Bunce, M. (2013). Scrapheap challenge: A novel bulk‐bone 
metabarcoding method to investigate ancient DNA in faunal assem‐
blages. Scientific Reports, 3, 3371. https ://doi.org/10.1038/srep0 
3371
Nielsen, E. E., Hansen, M. M., & Loeschcke, V. (1997). Analysis of mi‐
crosatellite DNA from old scale samples of Atlantic salmon Salmo 
salar: A comparison of genetic composition over 60 years. Molecular 
Ecology, 6(5), 487–492. https ://doi.org/10.1046/j.1365‐294X.1997. 
00204.x
Nielsen, R., Akey, J. M., Jakobsson, M., Pritchard, J. K., Tishkoff, S., & 
Willerslev, E. (2017). Tracing the peopling of the world through ge‐
nomics. Nature, 541(7637), 302–310. https ://doi.org/10.1038/natur 
e21347
Nikulina, E. A., & Schmolcke, U. (2016). Reconstruction of the histori‐
cal distribution of sturgeons (Acipenseridae) in the eastern North 
Atlantic based on ancient DNA and bone morphology of archaeo‐
logical remains: Implications for conservation and restoration pro‐
grammes. Diversity and Distributions, 22(10), 1036–1044. https ://doi.
org/10.1111/ddi.12461 
Noonan, J. P., Hofreiter, M., Smith, D., Priest, J. R., Rohland, N., Rabeder, 
G., … Rubin, E. M. (2005). Genomic sequencing of Pleistocene cave 
bears. Science, 309(5734), 597–599. https ://doi.org/10.1126/scien 
ce.1113485
Olafsdottir, G. A., Westfall, K. M., Edvardsson, R., & Palsson, S. (2014). 
Historical DNA reveals the demographic history of Atlantic cod 
(Gadus morhua) in medieval and early modern Iceland. Proc Biol Sci, 
281(1777), 20132976. https ://doi.org/10.1098/rspb.2013.2976
Ovenden, J. R., Berry, O., Welch, D. J., Buckworth, R. C., & Dichmont, C. 
M. (2015). Ocean's eleven: A critical evaluation of the role of popula‐
tion, evolutionary and molecular genetics in the management of wild 
fisheries. Fish and Fisheries, 16(1), 125–159. https ://doi.org/10.1111/
faf.12052 
Ovenden, J. R., Leigh, G. M., Blower, D. C., Jones, A. T., Moore, A., 
Bustamante, C., … Dudgeon, C. L. (2016). Can estimates of genetic 
effective population size contribute to fisheries stock assessments? 
Journal of Fish Biology, 89(6), 2505–2518. https ://doi.org/10.1111/
jfb.13129 
Pagès, M., Desse‐Berset, N., Tougard, C., Brosse, L., Hänni, C., & Berrebi, 
P. (2008). Historical presence of the sturgeon Acipenser sturio in the 
Rhône basin determined by the analysis of ancient DNA cytochrome 
b sequences. Conservation Genetics, 10(1), 217–224. https ://doi.
org/10.1007/s10592‐008‐9549‐6
Palkopoulou, E., Mallick, S., Skoglund, P., Enk, J., Rohland, N., Li, H., … 
Dalén, L. (2015). Complete genomes reveal signatures of demo‐
graphic and genetic declines in the woolly mammoth. Current Biology, 
25(10), 1395–1400. https ://doi.org/10.1016/j.cub.2015.04.007
Palmer, E., Tushingham, S., & Kemp, B. M. (2018). Human use of small 
forage fish: Improved ancient DNA species identification techniques 
reveal long term record of sustainable mass harvesting of smelt fish‐
ery in the northeast Pacific Rim. Journal of Archaeological Science, 99, 
143–152. https ://doi.org/10.1016/j.jas.2018.09.014
Pedersen, M. W., Overballe‐Petersen, S., Ermini, L., Sarkissian, C. D., 
Haile, J., Hellstrom, M., … Willerslev, E. (2015). Ancient and modern 
environmental DNA. Philosophical Transactions of the Royal Society of 
London. Series B, Biological Sciences, 370(1660), 20130383. https ://
doi.org/10.1098/rstb.2013.0383
Perry, A. L., Low, P. J., Ellis, J. R., & Reynolds, J. D. (2005). Climate change 
and distribution shifts in marine fishes. Science, 308(5730), 1912–
1915. https ://doi.org/10.1126/scien ce.1111322
Pinhasi, R., Fernandes, D., Sirak, K., Novak, M., Connell, S., Alpaslan‐
Roodenberg, S., … Hofreiter, M. (2015). Optimal ancient DNA yields 
from the inner ear part of the human petrous bone. PLoS ONE, 10(6), 
e0129102. https ://doi.org/10.1371/journ al.pone.0129102
Pinsky, M. L., & Palumbi, S. R. (2014). Meta‐analysis reveals lower genetic 
diversity in overfished populations. Molecular Ecology, 23(1), 29–39. 
https ://doi.org/10.1111/mec.12509 
Poloczanska, E. S., Brown, C. J., Sydeman, W. J., Kiessling, W., Schoeman, 
D. S., Moore, P. J., … Richardson, A. J. (2013). Global imprint of cli‐
mate change on marine life. Nature Climate Change, 3(10), 919–925. 
https ://doi.org/10.1038/Nclim ate1958
Ramos, J. E., Pecl, G. T., Moltschaniwskyj, N. A., Semmens, J. M., Souza, 
C. A., & Strugnell, J. M. (2018). Population genetic signatures of a 
climate change driven marine range extension. Scientific Reports, 8(1), 
9558. https ://doi.org/10.1038/s41598‐018‐27351‐y
Rawlence, N. J., Lowe, D. J., Wood, J. R., Young, J. M., Churchman, G. J., 
Huang, Y. T., & Cooper, A. (2014). Using palaeoenvironmental DNA 
to reconstruct past environments: Progress and prospects. Journal 
of Quaternary Science, 29(7), 610–626. https ://doi.org/10.1002/
jqs.2740
Rodrigues, A. T., McKechnie, I., & Yang, D. Y. (2018). Ancient DNA anal‐
ysis of Indigenous rockfish use on the Pacific Coast: Implications for 
marine conservation areas and fisheries management. PLoS ONE, 
13(2), e0192716. https ://doi.org/10.1371/journ al.pone.0192716
Royle, T. C. A., Sakhrani, D., Speller, C. F., Butler, V. L., Devlin, R. H., 
Cannon, A., & Yang, D. Y. (2018). An efficient and reliable DNA‐
based sex identification method for archaeological Pacific salmonid 
(Oncorhynchus spp.) remains. PLoS ONE, 13(3), e0193212. https ://
doi.org/10.1371/journ al.pone.0193212
Seersholm, F. V., Cole, T. L., Grealy, A., Rawlence, N. J., Greig, K., Knapp, 
M., … Bunce, M. (2018). Subsistence practices, past biodiversity, 
and anthropogenic impacts revealed by New Zealand‐wide ancient 
DNA survey. Proceedings of the National Academy of Sciences, 115(30), 
7771–7776. https ://doi.org/10.1073/pnas.18035 73115 
Silva, P. C., Malabarba, M. C., & Malabarba, L. R. (2017). Using ancient 
DNA to unravel taxonomic puzzles: The identity of Deuterodon pedri 
(Ostariophysi: Characidae). Neotropical Ichthyology, 15(1), e160141. 
https ://doi.org/10.1590/1982‐0224‐20160141
Speller, C. F., Hauser, L., Lepofsky, D., Moore, J., Rodrigues, A. T., Moss, 
M. L., … Yang, D. Y. (2012). High potential for using DNA from an‐
cient herring bones to inform modern fisheries management and 
conservation. PLoS ONE, 7(11), e51122. https ://doi.org/10.1371/
journ al.pone.0051122
1522  |     OOSTING eT al.
Speller, C. F., Yang, D. Y., & Hayden, B. (2005). Ancient DNA investigation 
of prehistoric salmon resource utilization at Keatley creek, British 
Columbia, Canada. Journal of Archaeological Science, 32(9), 1378–
1389. https ://doi.org/10.1016/j.jas.2005.03.016
Splendiani, A., Fioravanti, T., Giovannotti, M., Negri, A., Ruggeri, P., 
Olivieri, L., … Caputo Barucchi, V. (2016). The effects of paleoclimatic 
events on mediterranean trout: preliminary evidences from ancient 
DNA. PLoS ONE, 11(6), e0157975. https ://doi.org/10.1371/journ 
al.pone.0157975
Star, B., Boessenkool, S., Gondek, A. T., Nikulina, E. A., Hufthammer, A. 
K., Pampoulie, C., … Barrett, J. H. (2017). Ancient DNA reveals the 
Arctic origin of Viking Age cod from Haithabu, Germany. Proceedings 
of the National Academy of Sciences, 114(34), 9152–9157. https ://doi.
org/10.1073/pnas.17101 86114 
Therkildsen, N. O., Hemmer‐Hansen, J., Als, T. D., Swain, D. P., Morgan, 
M. J., Trippel, E. A., … Nielsen, E. E.( 2013a). Microevolution in time 
and space: SNP analysis of historical DNA reveals dynamic signatures 
of selection in Atlantic cod. Molecular Ecology, 22( 9), 2424 – 2440. 
https ://doi.org/10.1111/mec.12260 
Therkildsen, N. O., Hemmer‐Hansen, J., Hedeholm, R. B., Wisz, M. S., 
Pampoulie, C., Meldrup, D., … Nielsen, E. E.( 2013b). Spatiotemporal 
SNP analysis reveals pronounced biocomplexity at the northern 
range margin of Atlantic cod Gadus morhua. Evolutionary Applications, 
6( 4), 690 – 705. https ://doi.org/10.1111/eva.12055 
Vernot, B., & Akey, J. M. (2014). Resurrecting surviving Neandertal lin‐
eages from modern human genomes. Science, 343(6174), 1017–1021. 
https ://doi.org/10.1126/scien ce.1245938
Ward, R. D. (2000). Genetics in fisheries management. Hydrobiologia, 
420(1), 191–201. https ://doi.org/10.1023/A:10039 28327503
Willerslev, E., Hansen, A. J., & Poinar, H. N. (2004). Isolation of nucleic 
acids and cultures from fossil ice and permafrost. Trends in Ecology & 
Evolution, 19(3), 141–147. https ://doi.org/10.1016/j.tree.2003.11.010
Wooller, M. J., Gaglioti, B., Fulton, T. L., Lopez, A., & Shapiro, B. (2015). 
Post‐glacial dispersal patterns of Northern pike inferred from 
an 8800 year old pike (Esox cf. lucius) skull from interior Alaska. 
Quaternary Science Reviews, 120, 118–125. https ://doi.org/10.1016/j.
quasc irev.2015.04.027
Yang, D. Y. Y., Cannon, A., & Saunders, S. R. (2004). DNA species iden‐
tification of archaeological salmon bone from the Pacific Northwest 
Coast of North America. Journal of Archaeological Science, 31(5), 619–
631. https ://doi.org/10.1016/j.jas.2003.10.008
Zhang, Z., Kermekchiev, M. B., & Barnes, W. M. (2010). Direct DNA am‐
plification from crude clinical samples using a PCR enhancer cock‐
tail and novel mutants of Taq. Journal of Molecular Diagnostics, 12(2), 
152–161. https ://doi.org/10.2353/jmoldx.2010.090070
Zivaljevic, I., Popovic, D., Snoj, A., & Maric, S. (2017). Ancient DNA analy‐
sis of cyprinid remains from the Mesolithic‐Neolithic Danube Gorges 
reveals an extirpated fish species Rutilus frisii (Nordmann, 1840). 
Journal of Archaeological Science, 79, 1–9. https ://doi.org/10.1016/j.
jas.2017.01.002
How to cite this article: Oosting T, Star B, Barrett JH, 
Wellenreuther M, Ritchie PA, Rawlence NJ. Unlocking the 
potential of ancient fish DNA in the genomic era. Evol Appl. 
2019;12:1513–1522. https ://doi.org/10.1111/eva.12811 
